The shikimate pathway enzyme 5-enolpyruvylshikimate-3phosphate synthase (EPSPS) is the target of the broad spectrum herbicide glyphosate. The genetic engineering of EPSPS led to the introduction of glyphosate-resistant crops worldwide. The genetically engineered corn lines NK603 and GA21 carry distinct EPSPS enzymes. CP4 EPSPS, expressed in NK603 corn and transgenic soybean, cotton, and canola, belongs to class II EPSPS, glyphosate-insensitive variants of this enzyme isolated from certain Gram-positive bacteria. GA21 corn, on the other hand, was created by point mutations of class I EPSPS, such as the enzymes from Zea mays or Escherichia coli, which are sensitive to low glyphosate concentrations. The structural basis of the glyphosate resistance resulting from these point mutations has remained obscure. We studied the kinetic and structural effects of the T97I/P101S double mutation, the molecular basis for GA21 corn, using EPSPS from E. coli. The T97I/P101S enzyme is essentially insensitive to glyphosate (K i ‫؍‬ 2.4 mM) but maintains high affinity for the substrate phosphoenolpyruvate (PEP) (K m ‫؍‬ 0.1 mM). The crystal structure at 1.7-Å resolution revealed that the dual mutation causes a shift of residue Gly 96 toward the glyphosate binding site, impairing efficient binding of glyphosate, while the side chain of Ile 97 points away from the substrate binding site, facilitating PEP utilization. The single site T97I mutation renders the enzyme sensitive to glyphosate and causes a substantial decrease in the affinity for PEP. Thus, only the concomitant mutations of Thr 97 and Pro 101 induce the conformational changes necessary to produce catalytically efficient, glyphosate-resistant class I EPSPS. 3 The abbreviations used are: EPSPS, 5-enolpyruvylshikimate-3-phosphate synthase; S3P, shikimate 3-phosphate; PEP, phosphoenolpyruvate; WT, wild type; TIPS, T97I/P101S; r.m.s.d., root mean square deviation.
Glyphosate (N-phosphonomethylglycine) is a potent inhibitor of the shikimate pathway in plants, specifically targeting the enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS, 3 (1) . Glyphosate-based formulations exhibit broad spectrum herbicidal activity with minimal human and environmental toxicity (2, 3) . The safety and efficacy of glyphosate, together with the existence of genetically modified, glyphosate-resistant crop varieties (4, 5) , have combined to make glyphosate the most used herbicide in the world. Enzymes of the shikimate pathway are also regarded as attractive antimicrobial targets (6 -9) .
EPSPS catalyzes the transfer of the enolpyruvyl moiety of phosphoenolpyruvate (PEP) to the 5-hydroxy position of shikimate-3-phosphate (S3P) (Fig. 1) . Binding of the first substrate, S3P, to the enzyme triggers a global conformational change from an "open" to a "closed" conformation. PEP and glyphosate bind in the active site, formed at the interface between the Nand C-terminal globular domains. Glyphosate inhibition is competitive with respect to PEP (10, 11) , and structural studies confirmed that glyphosate occupies the PEP-binding site (12) (13) (14) (15) .
EPSPS from different organisms have been divided into two classes according to intrinsic glyphosate sensitivity: in Class I enzymes, found in all plants and in bacteria such as Escherichia coli and Salmonella typhimurium, catalytic activity is inhibited at low micromolar concentrations of glyphosate (16) . Class II enzymes, found in bacterial species, including Staphylococcus aureus, Streptococcus pneumoniae, and Agrobacterium sp. strain CP4, are distinguished by their ability to sustain efficient catalysis in the presence of high glyphosate concentrations (5, (15) (16) (17) (18) .
Glyphosate insensitivity has been achieved in Class I EPSPS enzymes through natural selection, directed evolution, and site-directed mutagenesis. As suggested by the fact that glyphosate and PEP bind to the same site, EPSPS mutants with substantially decreased affinity for the inhibitor glyphosate typically also exhibited decreased affinity for the substrate PEP (16, 19) . Single-site mutations such as T42M (20), G96A (21-23), and P101S (24 -26) were found to be advantageous but insufficient for commercial glyphosate-resistant crops. Multisite mutations with more favorable properties were sought and dis-covered, including Petunia hybrida EPSPS mutants G101A/ G137D and G101A/P158S (19) , the E. coli EPSPS mutant G96A/A183T (27, 28) , and the Zea mays EPSPS mutant TI02I/ P106S (29 -31) . The T102I/P106S double mutant EPSPS (corresponding to T97I/P101S in E. coli; abbreviated as TIPS EPSPS) had particularly favorable characteristics. The TIPS mutations were introduced into the endogenous EPSPS enzyme of Z. mays (field corn, GA21 event) to produce the first commercial varieties of glyphosate-resistant maize. The Class II EPSPS from Agrobacterium sp. strain CP4 was eventually utilized to create transgenic glyphosate-resistant crops (NK603 corn event).
The distinct properties of the CP4 EPSPS have been recently elucidated (15) . For the TIPS enzyme, however, the structural basis of glyphosate resistance was unknown. Here, we utilized EPSPS from E. coli as a model of the plant enzyme to investigate the kinetic and structural properties of the single-site T97I and the double-site TIPS mutant enzymes. The implications for glyphosate resistance with respect to genetic engineering and the likelihood of spontaneous mutations are discussed.
EXPERIMENTAL PROCEDURES
Chemicals and reagents were purchased from Sigma unless otherwise noted. S3P was synthesized and purified as described previously (18) . The pET-24d vector (Novagen) containing the open reading frame of EPSPS from E. coli was used as a template for the mutations. Single-site T97I mutations were introduced in the wild-type EPSPS and in the P101S mutant EPSPS using the QuikChange II mutagenesis kit (Stratagene) and appropriate primers (MWG Biotech). The single mutant T97I and double mutant TIPS EPSPS enzymes were overexpressed in BL21(DE3)-competent cells (Novagen) and purified as previously described (22) . After the final purification step, the enzymes were concentrated in 50 mM Tris, 1 mM dithiothreitol, and 1 mM EDTA using Centricon-30 devices (Millipore Corp., Billerica, MA) and stored at Ϫ80°C. Protein concentration was determined using Coomassie reagent (Pierce) with bovine serum albumin as a standard.
Enzyme Kinetics-The enzymatic activities of WT, P101S, T97I, and TIPS EPSPS were measured by determining the amount of inorganic phosphate produced in the forward reaction with S3P and PEP as substrates in 96-well plates on a Spectra-Max 340PC plate reader (Molecular Devices, Sunnyvale, CA). Each 60-l reaction mixture contained 50 mM HEPES (pH 7.5), 100 mM KCl, 2 mM dithiothreitol, and S3P, PEP, and glyphosate concentrations as indicated. The reactions were initiated by addition of enzyme and were stopped by addition of the ammonium molybdate-malachite green reagent (32) . Change in absorbance at 650 nm was measured, and product formation was determined by comparison to inorganic phosphate standards. Enzymatic activity is expressed as micromoles of phosphate produced per minute of reaction per milligram of enzyme (units/mg). Data collection Space group P2 1 
where A is the relative activity remaining in the presence of glyphosate, [I] is the concentration of glyphosate, and n is the Hill slope.
Crystallography-The T97I and TIPS mutant EPSPS were crystallized at 19°C by the hanging drop, vapor-diffusion method in the presence of 5 mM S3P, with or without 5 mM glyphosate, using the sodium formate crystallization conditions described previously (22) . The protein concentration in each case was 37.5 mg/ml, or 810 M, maintaining a ligand-to-receptor molar ratio of ϳ6:1. X-ray diffraction data were recorded at Ϫ180°C using the rotation method on single flash-frozen crystals (detector: Rigaku HTC image plate; X-rays: CuK ␣ , focused by mirror optics; Generator: Rigaku Micro-Max 007-HF (MSC, Table 2 . The data for the determination of the respective K i values is shown in the supplemental material (Figs. S1-S6). 
RESULTS AND DISCUSSION
Amino acids 90 -104 are strictly conserved in class I EPSPS from bacteria and plants (supplemental Table S1 ). We introduced the double mutation T97I/P101S (TIPS), the basis for glyphosate-resistant GA21 corn, and the single mutation T97I into E. coli EPSPS and studied the mutant enzymes by steady-state kinetics and crystallography.
Enzyme Kinetics-The TIPS and T97I mutant enzymes were found to be catalytically active, and the enzymatic reactions displayed normal saturation kinetics. The kinetic constants of the wild-type (WT) and the P101S enzymes (12, 26) were re-determined in parallel to facilitate accurate comparisons. The WT EPSPS was the most active enzyme, with V max values of ϳ57 units/mg and k cat /K m values of close to 10 6 M Ϫ1 s Ϫ1 for both substrates ( Table 2 and supplemental Figs. S1-S6). The activity of the single-site mutant enzymes T97I and P101S were decreased 5-and 2.5-fold, respectively, and the activity of TIPS EPSPS was decreased nearly 9-fold. The substrate binding affinities, as reflected by the respective K m values, was only slightly decreased for the P101S and TIPS enzymes, but the T97I mutant showed nearly 9-fold increase in K m for PEP. Compared with the WT enzyme, the catalytic efficiencies with respect to PEP utilization were decreased 40-and 16-fold for the T97I and TIPS enzymes, respectively. Unlike WT EPSPS, which is very sensitive to glyphosate (K i ϭ 0.3 M), the TIPS enzyme tolerates high glyphosate concentrations (K i ϭ 2.4 mM) (Fig. 2 ). By contrast, the P101S and T97I enzymes are still inhibited by moderate concentrations of glyphosate, with K i values of 3 and 90 M, respectively. Apparently, neither single-site mutation, T97I or P101S, is sufficient to enable glyphosate resistance and maintain high affinity for the substrate PEP. Only the simultaneous mutation of both residues renders the enzyme both insensitive to glyphosate and catalytically efficient.
We next asked if analogs of the tetrahedral reaction intermediates, the most potent inhibitors of WT EPSPS described to date (40 -42) , would still act as potent inhibitors of the TIPS enzyme. The TIPS and WT enzymes showed nearly equal sensitivity to the inhibitors tested (supplemental Fig. S7) . These findings support the hypothesis that inhibitors with more global coverage of the active site are not as affected by mutations that cause resistance to glyphosate (42) .
Protein Crystallography-To better understand the effect of the mutations on the catalytic efficiency and inhibition by glyphosate, the T97I and TIPS enzymes were co-crystallized with S3P alone and in complex with S3P and glyphosate; the resulting 1.7-Å resolution structures (Table 1) were compared with those of the WT (12) and P101S (26) enzymes. Thr 97 and Pro 101 are constituents of an ␣-helix in the N-terminal globular domain of EPSPS (Fig. 3 ). Neither of these two residues is directly involved in glyphosate binding. Pro 101 is ϳ9 Å distant from glyphosate and the hydroxyl group of Thr 97 interacts with the phosphonate moiety of glyphosate only through a bridging water molecule.
The altered amino acids are well defined in the respective electron density maps (Fig. 4) . Glyphosate is bound in the same site and conformation as observed in the WT enzyme; however, potential steric clashes with the C␣ atom of Gly 96 occur in both mutant enzymes (Fig.  5 ). This leads to additional unfavorable interactions between the glyphosate molecule and other active site residues, particularly in the TIPS enzyme. The reduced binding potential of glyphosate in EPSPS (stereo views) . Top: EPSPS in complex with S3P. In the WT enzyme binary complex (shown in orange) Thr 97 is in hydrogen bonding distance (2.8 Å) to the amide side chain of Asn 96 . In the T97I enzyme binary complex (maroon) the presence of the Pro 101 ring holds Ile 97 in place, and its side chain moves only slightly. In the TIPS enzyme binary complex (cyan) Ser 101 allows larger conformational freedom for Ile 97 , and the isoleucine side chain swings away from Asn 26 . Bottom: EPSPS in complex with S3P and glyphosate bound. In the ternary complex, the mutations cause a shift of the C␣ atom of Gly 96 toward the phosphonate moiety of glyphosate, seen most drastically in the TIPS enzyme (cyan), thereby narrowing the inhibitor binding site. The view is ϳ90°clockwise from the top.
the respective mutant enzymes is reflected by an increase in the crystallographic B-factors (higher B-factor values reflect higher flexibility) ( Fig. 6) . Notably, the B-factors of S3P are only slightly increased for both mutant enzymes (supplemental Fig. S8 ). Thus, the crystallographic data seem to reveal the structural basis for the kinetic properties of these enzymes.
The overall structures of the T97I and TIPS enzymes are nearly identical to that of WT EPSPS; however, large root mean square deviation (r.m.s.d.) differences, up to 1 Å for the TIPS enzyme, occur in the main chain around residues 96 -98 ( Fig.  7) . In the WT and P101S enzymes, the hydroxyl group of Thr 97 is hydrogen-bonded with the side chain of Asn 26 (Fig. 8) . Upon mutation to isoleucine, the disruption of this polar interaction and the resulting repulsive forces between the Ile 97 and Asn 26 side chains impose changes in the backbone torsion angles of residues 96 -98 (supplemental Table S2 ). In the T97I enzyme, the presence of the Pro 101 ring holds the carbonyl oxygen of Ile 97 in place, thereby constraining its rotational freedom. In the TIPS enzyme, in contrast, the additional Ser 101 substitution allows the main chain of Ile 97 to relax and the Ile 97 side chain to move away from the glyphosate/PEP site. As a result, Gly 96 is rearranged such that its C␣ atom shifts toward the glyphosate binding site, thereby shortening the distance to the inhibitor's phosphonate moiety and effectively narrowing the binding site.
Because glyphosate and PEP share the same binding site, one would expect intuitively that the TIPS enzyme to be less efficient in the utilization of PEP, yet only the single mutation drastically reduces the affinity for PEP. Because we cannot obtain the true ternary complexes with S3P and PEP bound to the EPSPS active site, we determined the respective EPSPS⅐S3P binary complexes to which PEP would bind during catalysis ( Fig. 8) . Even in the absence of glyphosate, the geometric constraints in the T97I enzyme lock the Ile 97 side chain in close distance to the putative PEP site, likely to exert repulsive forces on the charged, polar PEP molecule during binding and/or catalysis. By contrast, Ile 97 in the TIPS binary complex rotates even further away from the PEP site than in the ternary complex with glyphosate bound. Overall, it appears that the mutationinduced shifts of Gly 96 predominantly impact the inhibitory potential of glyphosate, whereas the conformation of Ile 97 influences the catalytic efficiency of the EPSPS enzyme.
CONCLUSIONS
The TIPS EPSPS enzyme shows high levels of glyphosate resistance while maintaining high affinity for its substrates, PEP and S3P. The single-site T97I enzyme is less sensitive to inhibition by glyphosate; moreover, in the absence of the compensating P101S mutation, it exhibits drastically decreased affinity for PEP. These phenomena can be attributed to specific structural changes in the active site. The glyphosate resistance exhibited by the TIPS enzyme is on the same order of magnitude as that observed for the class II EPSPS enzymes from S. aureus and CP4 EPSPS (15, 18) . To date, TIPS EPSPS represents the only Class I enzyme with both high glyphosate resistance and unaltered affinity for PEP. The only other highly glyphosate-resistant class I mutant enzyme is G96A EPSPS from E. coli and K. pneumoniae, but this mutation causes a very large decrease in affinity for PEP (K m ϭ 2.8 mM (22)). Mutations of the residue cor-responding to Pro 101 of E. coli EPSPS have been reported in a number of field-evolved glyphosate-resistant weeds (43) (44) (45) (46) . By contrast, mutations of Thr 97 have never been observed. In fact, BLAST (47) analysis revealed that this residue is strictly conserved in aroA genes; notably, only EPSPS from Chlamydia species contain an isoleucine at the equivalent position. The decreased catalytic efficiency of the T97I mutant EPSPS with respect to utilization of PEP may explain why it has not been observed in glyphosate-resistant weeds and probably why it has not been exploited for the genetic engineering of crops. Although the TIPS enzyme is significantly less catalytically efficient than the wild-type enzyme, its high affinity for PEP apparently enables crops with this gene to have sufficient EPSPS activity to produce crop yields that are commercially competitive. Spontaneous double mutations of Thr 97 and Pro 101 in wild-type EPSPS are unlikely to occur. However, under the selective pressure caused by the presence of high glyphosate concentrations, it may be favorable for plants or bacteria with already established Pro 101 mutations to acquire the additional mutation of Thr 97 , which would confer a very high level of resistance.
